the target genes or gain-of-function alleles of miRNAs tic mutant apetala3 (ap3). In ap3-3 mutant flowers, petals are transformed into sepals, and stamens are replaced mark the consequences of higher and lower accumulation of target transcripts, respectively [13, 21, 23, 25, by carpels [37] . The eep1 ap3-3 double mutant formed ap3-3-like flowers, and no significant increase in sec-32-36]. However, no loss-of-function phenotypes have been reported for any individual miRNA in plants, possiond-whorl sepals was observed (data not shown), suggesting that the organ-number defect in eep1 is organ bly because of extensive functional redundancy among members of miRNA families.
rather than whorl specific. In this report, we describe the characterization of a novel mutant, early extra petals1 (eep1), that forms extra EEP1 Contains the Information petals in early-arising flowers. Cloning and rescue of for miRNA miR164c the gene disrupted in eep1 revealed that it contains the In order to identify the gene affected in eep1, we mapped information for miR164c, a member of the MIR164 family the locus via positional cloning to a 50 kb region on of miRNAs. The analysis presented in this study sugchromosome 5. With genomic fragments subcloned gests that eep1 is a loss-of-function allele and that exfrom the bacterial artificial chromosome (BAC) reprepression of the eep1 phenotype requires wild-type funcsenting this region (T1G16), the eep1 phenotype was tion of the NAC transcription factors CUC1 and CUC2.
rescued by a 12 kb clone ( Figure 2A) . Sequencing of Furthermore, we demonstrate that the miRNA-depenthe open reading frames of the annotated genes in this dent regulation of CUC1/CUC2 is sharply reduced in region revealed no differences between eep1 and the eep1, suggesting that miR164c acts independently of wild-type, suggesting that the eep1 phenotype might its two sister miRNAs in the control of petal number.
not result from a defect in one of these genes. To further narrow down the position of EEP1, we performed a second round of rescue experiments with overlapping 3 Results kb genomic fragments. Two of these fragments, which share 2 kb, rescued the eep1 mutant phenotype (Figure The processed miR164a and miR164b only in its last nucleotide (an adenosine triphosphate in miR164a and 1B) and that extra petals, if they are initiated, always arise adjacent to these normally positioned primordia miR164b, a guanosine triphosphate in miR164c). Figures 1C-1F to 1A and 1B) . Moreover, the petal primordia in eep1 flowers can vary considerably might interfere with MIR164c expression, we first characterized the primary miR164c transcript (pri-miR164c) in size, suggesting that either the timing of the initiation or the number of founder cells allocated per primordium by employing RACE-PCR. We obtained a polyadenylated, 484 bp 3Ј fragment containing the sequence for is nonuniform. Occasionally, petals form incisions at their distal tip and adopt a heart shape ( Figure 1G) . the processed miRNA, which is predicted to fold into a stable secondary structure ( Figures 2B and 2C) . Unlike Although the most prominent phenotype in eep1 mutant flowers is detected in the second whorl, the earliest pri-miR164b (for which RACE-PCR was performed as well; see Figure S1 ), pri-miR164c does not appear to deviation from normal development occurs during stage 4, with the outgrowth of the lateral sepals ( Figure 1K contain any introns. We have been unsuccessful, however, in isolating any 5Ј sequence upstream of that correcompared to 1I). The emergence of the lateral sepal primordia in eep1 mutant flowers appears to be slightly sponding to the processed miRNA other than sequence included in the 3Ј RACE primer. Thus, it is unclear delayed in comparison to the wild-type, and its lateral extension is often reduced as well ( Figures 1K and 1L whether the insertion site of the Tag1 transposon in eep1 lies within the 5Ј region of the miRNA precursor compared to 1I and 1J). As a consequence, the sepals in eep1 mutant flowers fail to fully enclose the floral bud or in the nontranscribed region of the gene. However, the pri-miR164c transcript obtained does not share seeven at stage 8 ( Figures 1G and 1H) . In addition, a subtle carpel fusion defect at the distal end of the gynoecium quence similarity to its two sister miRNAs, and it thus allowed specific estimates of miR164c levels. Relative becomes apparent in a small portion of eep1 mutant flowers as early as stage 7 (compare Figures 1C and 1D quantitative RT-PCR with cDNA derived from wild-type and eep1 inflorescences revealed that the level of the to 1A). Otherwise, flowers are indistinguishable from the wild-type, and vegetative development appears normal pri-miR164c precursor in eep1 is decreased in comparison to the wild-type ( Figure 2D ), suggesting that the as well.
To test whether the Tag1 transposon insertion in eep1 (compare
In order to test whether the eep1 phenotype is whorltransposon insertion interferes with MIR164c expression or pri-miR164c transcript accumulation. The levels or organ-specific, we crossed eep1 to the floral homeo- ures 3J-3L). In agreement with the weak carpel defects by expressing a GUS reporter gene from the MIR164c observed in eep1, we also detected GUS activity in the promoter in wild-type plants. For the MIR164c promoter, distal region of the developing gynoecium from about we used a 1.7 kb fragment that includes the region stage 7 to stage 11 ( Figures 3C-3F) . upstream of the predicted mature miRNA. This fragment contained all the intergenic sequences that were required to rescue the eep1 mutant phenotype (see miR164c Negatively Regulates CUC1 and CUC2 Expression in Early-Arising Flowers above). GUS staining was observed throughout the shoot apical meristem of seedlings, in the epidermal The members of the MIR164 family show imperfect sequence complementarity to mRNAs of six genes, all of layer of young leaf primordia, and in the vasculature ( Figures 3A and 3B) . During flower development, uniform which encode NAC transcription factors ( Figure 4J ). Two of these factors, CUC1 and CUC2, have been previously GUS staining was found throughout the youngest floral buds (Figures 3C and 3D) Figures 3E-3I, arrowheads) . Around the same time, GUS staining also increased in rounding the sequences of the processed miR164b and c miRNAs, respectively, and introduced these conthe cells of the sepal margins ( Figures 3E-3I, arrows) . served in our miR164c overexpressing lines, suggesting the wild-type, whereas no significant differences were detected for the other four putative targets (data not that the scope of miR164c activity might be limited when compared to that of miR164b.
shown). This result suggests that the main miR164c target genes in early flowers are CUC1 and CUC2 and that Because the three miRNAs of the MIR164 family potentially share the same target genes, we reasoned that the eep1 phenotype might be caused by an increase of CUC1 and CUC2 activity. elevated levels of miR164a or miR164b might be able to rescue the eep1 mutant phenotype if it is indeed To rule out the possibility that subtle misregulation of one or more of the other four predicted target genes caused by a disruption of miR164c function by the Tag1 insertion. Of 28 35S::miR164b primary transformants in was also contributing to the eep1 phenotype, we generated the cuc1 cuc2 eep1 triple mutant and compared an eep1 mutant background, 26 showed a cuc1 cuc2-like floral phenotype ( Figure 4I) . A similar phenotype its phenotype to cuc1 cuc2 double-mutant plants. Seedlings doubly homozygous for cuc1 and cuc2 form seedwas obtained with 35S::miR164c ( Figure 4H ). This result indicates that miR164b overexpression can overcome lings with cup-shaped cotyledons and arrest before making shoots; however, shoots and flowers for these the loss of miR164c function in eep1.
To test whether the expression of any of the predicted plants can be obtained through callus culture [1]. Thus, to obtain the triple mutant, calli of seedlings with cupmiR164c target genes was affected in eep1, we performed relative quantitative RT-PCR with cDNA derived shaped cotyledons from cuc1-1/CUC1 cuc2-1/CUC2 eep1/EEP1 parents were produced, and roots and from the first few floral buds initiated by wild-type and eep1 mutant plants; these buds are where the eep1 shoots were subsequently regenerated. The regenerated plants were then genotyped at the EEP1 locus, and phenotype is most striking. The PCR results showed that transcript levels for both CUC1 and CUC2 were floral phenotypes of plants homozygous for eep1 were assessed and compared to those of cuc1 cuc2 double significantly increased in eep1 ( Figure 4K ) compared to ures 5D-5F and 5J-5L compared to 5A-5C and 5G-5I, respectively). This difference was found in all tissues in which CUC1 or CUC2 are normally expressed. In con-CUC1 and CUC2 Expression in eep1 trast, the overall expression domains of CUC1 and CUC2 The relative quantitative RT-PCR results showed that appeared to be normal. However, during floral stages CUC1 and CUC2 transcript levels are increased in early-5-7, extra CUC1-and CUC2-expressing cells were obarising eep1 floral buds in relation to those of the wildserved in the second whorl; these cells marked the type (see above). In situ hybridizations were performed boundaries of the emerging extra petal primordia that with CUC1 and CUC2 antisense probes on early floral develop in eep1 (Figures 5E, 5F, and 5K compared to buds from wild-type and eep1 mutant plants to deter-5C and 5H, respectively). This finding is in accordance mine whether this increase represented an expanded with the observation that extra organ formation in eep1 is expression domain, increased levels of expression, or restricted to the second whorl. In summary, our analysis both. We included wild-type and eep1 sections on each shows that the expression levels of both CUC1 and slide to ensure that any differences in signal strength CUC2 are increased throughout early-arising flowers of were not due to slide-to-slide variability.
eep1 but that the ectopic expression of CUC1 and CUC2 We detected CUC1 and CUC2 transcripts between floral primordia and the floral meristem (Figures 5A and is limited to the second whorl. 
target-gene expression (Figure 6D). However, when the
The in situ hybridization results presented above revealed that the levels of CUC1 and CUC2 transcripts same transgene was introduced into eep1 mutant plants, we observed an increase in petal number to an are increased throughout early-arising flowers of eep1 but that their boundary-specific expression is mainaverage of 8.8 Ϯ 0.5. This increase is similar to that observed for eep1; pCUC1::CUC1 m -GFP plants (9.9 Ϯ tained. We set out to investigate whether an overall increase in the expression of these genes is sufficient 0.8), indicating that the miRNA-dependent regulation of CUC1 is severely affected, if not completely abolished, to increase the number of petals or whether boundaryspecific CUC1/CUC2 expression is necessary. To this in eep1. Thus, our results suggest that miR164c is the main regulator of CUC1 transcript accumulation in earlyend, we generated transgenic plants expressing Table S1 ), suggesting that miR164c and/or its two sister though the level of processed miR164b is significantly miRNAs can compensate for elevated CUC1 levels as reduced in mir164b-1 mutants, they are indistinguishlong as the miRNA target site in CUC1 is present. In able from the wild-type [21]. Analysis of the phenotype contrast, in the eep1 background, an extra copy of either of mir164b-1 eep1 double-mutant plants revealed no the wild-type or the miRNA-resistant CUC1 led to a significant differences when compared to eep1 single strong increase in petal number in relation to nontransmutants, in either the timing of extra petal formation or formed eep1 mutant plants. Moreover, the extent to the severity (Figures 6J and 6K) . This result suggests which petal number increased in the two lines was simithat miR164b and miR164c might not be involved in the lar, indicating that in the absence of functional miR164c, same developmental processes. However, it is possible the miRNA-dependent control of CUC1 mRNA accumuthat the remaining miR164a activity compensates for lation is severely compromised, if not completely abolthe loss of miR164b and miR164c function in mir164b-1 ished. We therefore conclude that miR164a and eep1 double-mutant plants. Thus, only the identification miR164b play a negligible role, if any, in the control of of a mutant allele for MIR164a will allow a conclusive petal number in early flowers. analysis of the possible redundancy among the three The expression of miR164c in nonfloral tissues such members of the MIR164 family.
as the shoot apical meristem ( Figures 3A and 3B) , where some of the predicted miR164 target genes are exDiscussion pressed as well, suggests that its function might not be restricted to flower development. However, no phenoIn this study, we have analyzed the eep1 mutant, whose typic alterations were observed in eep1 other than in predominant phenotype is an increase in petal number flowers. The absence of mutant phenotypes in certain in early flowers. We have outlined the identification of miR164c-expressing tissues could be explained by re-EEP1 as MIR164c by map-based cloning, genomic resdundancy among members of the MIR164 family. In this cue, and miR164c overexpression. scenario, coexpression of miR164c and of at least one When we analyzed the expression of the predicted of its sister miRNAs in these tissues would mask the miR164 target genes, we found that CUC1 and CUC2 loss of miR164c function in eep1. Conversely, the unique transcript accumulation is increased in eep1 ( Figure 4K ; role of miR164c in flower development might result from Whatever the molecular mechanism underlying the miR164c-dependent specification of petal number through of the targets would be a result of a strong and specific promoter-driven expression that eventually overcomes CUC1/CUC2, it is clear from our results that this mechanism is only required for the formation of the first few miRNA repression [33, 40] .
Our analysis of the miR164c expression domain in flowers of a plant. This is supported by the fact that the extra-petal phenotype of eep1 is limited to early-arising young floral buds has revealed that strong miR164c expression is detected in second-whorl cells, which also flowers. Furthermore, expression of a miRNA-resistant version of CUC1 has no effect on petal number in lateraccumulate CUC1/CUC2 transcripts (Figure 3 and Figure 5) , suggesting that miR164c might not regulate petal arising flowers ( Figure 6I ; Table S1 ), suggesting that an unknown buffering mechanism can compensate for an number by completely eliminating CUC1/CUC2 mRNAs from these cells. In addition, we found that the boundadditional copy of CUC1 m at this developmental stage. ary-specific expression pattern of these genes is maintained in early eep1 mutant flowers but that their mRNA Conclusion levels are strongly increased. Furthermore, the expresThe data presented in this study show that eep1 represion of reporter genes driven under the control of the sents a loss-of-function allele of the miRNA miR164c. CUC1 or CUC2 promoters mimics that of the endogeAs one of three members of the MIR164 family, miR164c nous genes ([41]; P. Das and E.M.M., unpublished data), provides most if not all of the negative regulation for suggesting that these regulatory sequences are suffi-CUC1 and CUC2 in early flowers of Arabidopsis thaliana, cient for the establishment of the CUC1/CUC2 expresin order to prevent extra petal formation. sion pattern. Taken together, our results indicate that miR164c is not required for confining CUC1/CUC2 ex-
Experimental Procedures
pression to boundary regions, but rather that miR164c seems to control the accumulation of their transcripts.
Plant Growth
The boundary domains between floral organ primorPlants were grown as described previously [45] . All mutant and dia progressively enlarge when miR164-dependent reg- In situ hybridizations were performed according to a previously (see Table S2 for a complete list of primers). The resulting plasmids described protocol [50] , with one modification: The posthybridizawere then transformed into Agrobacterium tumefaciens strain ASE, tion RNase step was omitted. The CUC1 probe was made from the and eep1 plants were transformed by the floral dip method, as 3Ј end of the coding sequence, amplified from a cDNA clone with described [47] . Primary transformants were subsequently scored forward primer CB108 and reverse primer CB109. The CUC2 probe for rescue of the phenotype. Relative quantitative RT-PCR was done with actin control primers The pMIR164c::GUS plasmid was made with pRITA as a shuttle P15 and P16 as described previously [51] , as well as with the CUC1-vector (into pMLBART). pRITA (a gift from John Bowman, University and CUC2-specific primer combinations PS280/PS281 and PS282/ of California, Davis) contains the uidA gene encoding the ␤-gluc-PS283, respectively. The primer combinations that were used for uronidase (GUS) enzyme and the nopaline synthase (nos) terminator testing the other miR164 target genes are given in parentheses: [47] . Because the 3 kb genomic clones 1 and 2 (Figure 2A) showed At5g61430 (PS288/PS289), At5g07680 (PS286/PS287), At1g56010 full rescue with 1.7 kb of sequence overlap, we amplified this region (PS284/PS285), and At5g39610 (PS290/PS291). Primers PS310 and (corresponding to nucleotides -1666 to -15 with respect to the first PS311 were used to detect pri-miR164c-specific transcripts. PCR nucleotide of the mature miR164c miRNA) with primers CB103 and reactions were performed with RNA derived from four biologically CB107, subcloned it into pCR2.1-TOPO (Invitrogen), and ligated the independent sets of tissue samples. Each sample was tested in corresponding EcoRI fragment into pRITA.
triplicate with the SYBR Green PCR Master Mix (Applied BiosysThe pCUC1::CUC1-GFP construct and its derivatives were genertems) with the Applied Biosystems GeneAmp 5700 sequence detecated as follows: Full-length CUC1 and CUC2 cDNAs lacking stop tion system according to the manufacturer's instructions. codons were PCR amplified from a cDNA library [49] with primer pairs PS226/PS227 and PS230/PS231 for CUC1 and CUC2, respec-GUS Staining tively. The coding region for mGFP5 was cut out from the plasmid GUS staining was performed as described previously [51] . BJ36-6xOP-mGFP (a gift from Jeff Long, Salk Institute) with the restriction enzymes PstI/KpnI. The resulting fragment was introScanning Electron Microscopy duced, together with the PstI/EcoRI-digested CUC1 and CUC2 PCR Inflorescences were harvested after 30 days in short-day conditions products, into pBJ36-35S (cut with EcoRI/KpnI) to generate BJ36-and then 8 days in constant light (see above). The tissues were 35S::CUC1-GFP and BJ36-35S::CUC2-GFP, respectively. A miR164-processed and mounted according to a previously described protoresistant version of CUC1, referred to hereafter as CUC1 m , was made col [45] . Samples were imaged with a ZEISS LEO 1550VP highby exchanging nucleotides 634-657 (5Ј-GAGCACGTGTCCTGTTTC resolution analytical scanning electron microscope. TCCAAT-3Ј) of the CUC1 coding region for 5Ј-GAACATGTATCATG CTTTAGCAAT-3Ј (base changes are underlined), thereby introduc-RACE PCR ing eight silent mutations, which left the sequence of the CUC1 5Ј and 3Ј rapid amplification of cDNA ends (RACE) PCR was perprotein unchanged. Two independent first-round PCR amplificaformed on RNA extracted from wild-type inflorescences with the tions were performed on the BJ36-35S::CUC1-GFP template with BD SMART RACE cDNA Amplification kit (BD Biosciences). Firstprimer combinations PS226/PS228 and PS227/PS229, respectively, strand cDNA synthesis was primed with an oligo(dT) primer. Geneand then an additional round of PCR amplification was performed on specific primers PS299 and PS298 were used for the 5Ј and 3Ј RACE, the two combined, first-round products with the primer combination respectively, according to the manufacturer's instructions. We re-PS226/PS227 to create CUC1 m . trieved the 3Ј RACE fragments of pri-miR164b and pri-miR164c with For CUC2 m , nucleotides 772-795 (5Ј-GAGCACGTGTCCTGTTTCT primer PS298. Attempts with the 5Ј RACE primers PS319, PS318, CCACT-3Ј, coding for amino acid residues Glu-His-Val-Ser-Cysand PS317, which are specific for pri-miR164a, b, and c, respecPhe-Ser-Thr in the CUC2 protein) were exchanged for the sequence tively, have failed thus far, as did the 3Ј RACE for pri-miR164a with 5Ј-GAACATGTATCATGCTTTAGCACT-3Ј. 
